Abstract: Atmospheric-pressure air and nitrogen plasmas generated by surface dielectric barrier discharges have been used to incorporate new functionalities at the surface of polypropylene nonwoven fabric. The main goals were to activate the polymer surfaces for subsequent immobilization of chitosan from water solution without using any crosslinking and wetting agents. The samples were analyzed by diffuse reflectance infrared Fourier transform spectroscopy, scanning electron microscopy, and X-ray photoelectron spectroscopy. The nitrogen plasma treatment resulted in relatively high oxygen incorporation, about 9 atomic % mainly in aliphatic C=O type bonds and about 4 at.% of nitrogen incorporation in amine and other nitrogen functionalities. Chitosan was immobilized on the fabric fibers surfaces very homogeneously in amount of 2 -5 g m -2 . The chitosan coated samples exhibited a good laundering durability and strong antimicrobial activity against Bacillus subtilis and Escherichia coli.
Introduction
Textile products having a prolonged contact with the skin and in many other applications are an excellent habitat for all kinds of undesired microorganisms. As a consequence, there is a growing interest in hygienic antimicrobial finishing of textiles that prevent or retard growth of bacteria [1] . Chitosan is a derivate of chitin, a natural polysaccharide present, for example, in the exoskeleton of crustaceans. Chitosan is skin friendly, nontoxic and environmentally sound antimicrobial agent, which makes it an attractive material for hygienic antibacterial treatments of textiles [2] [3] [4] .
In many applications such as in hygiene and medical materials, filter media, and packaging, polypropylene nonwoven (PPNW) fabrics need to resist microbial growth. To use chitosan as the antimicrobial agent in such applications it is necessary to attach it firmly to the PPNW fiber surface while maintaining its antimicrobial activity. Since polypropylene is well known for its poor adhesive properties, and cost efficiency is the driving force for process development in textile industry, before the chitosan immobilization it is necessary to activate PPNW fibre surfaces using a cost-effective and environmentally acceptable method.
Immobilization of chitosan onto polypropylene nonwoven fabric using antenna-coupling microwave plasma was investigated by Tyan and Liao [5] . Plasma surface activation was realized in oxygen at low pressure with the treatment time less than 10 s and then it was followed by grafting with acrylic acid (AAc), which made the plasma-treated fabric durably hydrophilic and excellent in water absorbency. With the high density of grafted chains and strong water affinity, the polyacrylic acid (pAAc)-grafted fabric greatly becomes feasible as an intensive absorbent and as a support to promote chitosanimmobilization through amide bonds. Experimental results demonstrated by surface analyses by ATR-FTIR showed that -CONH-, amide binding emerged between pAAc and chitosan.
Due to the capability of anticoagulation and cell adhesion, the chitosan-immobilized polypropylene fabric prepared by the mentioned way can be used as the substrate for cell culturing and then developed as a wound-dressing substitute for second-degree burns. Liao continued in his investigation of polypropylene surface grafting with chitosan and some new additional results are summarized in [6] . In this study he used the same grafting procedure as it was described in his previous paper. The similar procedure was also used for preparing the chitosan-grafted PET textiles [7] . The difference was only in the plasma source, which in this case was glow discharge burning in oxygen. The PET textiles containing chitosan on their surface showed a high inhibition of bacterial growth (S. Aureus) even after laundering. Another way to immobilize chitosan onto PPNW is to active the surface by x-ray irradiation [8] , then to graft it with AAc and even after chitosan can be immobilized.
Ko-Shao Chen together with his co-workers [9] for chitosan immobilization onto PPNW used lowpressure Ar plasma activation followed by UV-light graft polymerisation of poly (N-isopropylacrylamide) gel to improve hydrophilicity of PP. Subsequently, chitosan was immobilized onto PP nonwoven composites surface using the cross-linking agent glutaraldehyde.
The majority of known low-temperature plasma activation of PPNW for subsequent grafting and surface immobilization of polymeric materials, including the immobilization of chitosan have been done at low pressures, which makes the plasma equipment expensive and continuous operation difficult. As a consequence, from a practical point of view, plasma fabric treatment techniques that need vacuum are at a disadvantage with respect to those that are applicable at 1 atm.
Low-temperature plasma activation, where polar molecular fragments and radicals are formed on the fabric fibre surfaces, is emerging as an environmentally attractive technique for surface activation of textile materials, including PPNW [10] [11] [12] [13] [14] [15] . In the present work PPNW were activated using a novel type of atmosphericpressure plasma reactor designed for low-cost, highspeed plasma treatment of web materials. The reactor is based on the so-called diffuse coplanar surface barrier discharge (DCSBD) [16] [17] [18] , where a macroscopically homogenous plasma layer with a high power density on the order of 100 W cm -3 was generated in nitrogen and air.
The XPS, SEM microscopy, DRIFT spectroscopy, as well as dye uptake, bioactivity, and wash resistance tests, were made for surface characterization of the samples. DCSBD has been shown to be very efficient for activation of PPNW, which has enabled a stable and uniform chitosan immobilization.
2 Experimental procedure
Materials and methods
An industrial spun-bonded polypropylene nonwoven fabric (50 g m -2 , 272±22 µm thick, an average fibre diameter 2.6±0.2 µm, an average pore diameter 37 µm) supplied by PEGAS Company (Czech Republic) was used in the experiments. Technical purity nitrogen and ambient air were used as the plasma gas.
Chitosan from crab shells were purchased from Sigma-Aldrich. Low molecular weight chitosan (degree of deacetylation 75-85%) was diluted in 0.1 M water solution of acetic acid by stiring at room temperature.
The PPNW samples nonactivated or plasma activated were weighted and shortly dipped into the chitosan solution. Subsequently most of the chitosan solution on the surface of polypropylene was removed using a mangle to achieve an even coating, and the samples were air dried for 24 hours. All processes were performed at room temperature. Finally, the samples were several times rinsed with distilled water to remove any chitosan homopolymers adhering to the fabric. The laundering durability of chitosan layer was tested in five cycles of standard laundering at 40°C and the presence of an anionactive detergent in concentration 2 g dm 
Plasma activation
Plasma activation was carried out in the reactor illustrated by Fig. 1 . The reactor´s heart is a plasma-generating 21×8 cm electrode element consisting of two systems of parallel strip like electrodes (1.2 mm wide, 50 µm thick, 210 mm long, 0.5 mm strip to strip; molybdenum). The electrodes are embedded in 96% alumina using a green tape technique. The thickness of the ceramic layer between the plasma and electrodes was 0.4 mm. A sinusoidal high frequency, high-voltage (15 kHz, 400 W, up to 20 kV peak to peak) was applied between the electrodes.
Such a discharge electrode arrangement and energisation generate in the nitrogen and air working gases visually almost uniform, diffuse, and approximately 0.5-mm-thick plasma layer [16] [17] [18] [19] of a extremely high power density reaching the value of 100 W cm -3 . The voltage between the discharge electrodes was measured using a Tektronix P6015A capacitive-resistive HV divider with a rise time of 10 ns. A 50 Ohm coaxial measuring resistor was used to measure the discharge current. The net power dissipated in the discharge was computed from the discharge current and voltage measurements.
As shown in Fig. 1 the electrode system was housed inside of a plastic enclosure to allow containment of the gas. The rate of nitrogen flow into the enclosure was controlled by a mass flow and set at 20 L min -1 . The 21-cmwide PPNW fabric belt was fed into and out of the reactor through glands with rubber seal lips. Since the 50 g m -2 PPNW fabric belt was treated on both sides the plasmaactivation energy was computed as follows: plasma activation energy (W s cm -2 ) = 2 × net power dissipated in the discharge (W) / (fabrics width (cm) × fabric speed (cm s -1 )).
Sample characterisation
The amount of chitosan immobilised on PPNW (CHi) was calculated according
where W 1 is the weight of PPNW with chitosan, and W 0 the weight of origin non-woven sample.
X-ray photoelectron spectroscopy (XPS) studies were performed by a Kratos XSAM800 spectrometer using Mg Kα 1,2 radiation, FRR mode, and a retardation ratio of 20. Data acquisition and processing were done with the Kratos Vision 2 program. Spectra were referenced to the hydrocarbon type C1s line at a binding energy (BE) of 285.0 eV.
Scanning electron microscopy (SEM) investigations were performed in the usual way using a Tesla BS 300 SEM microscope with digital microscopy imaging TESCAN on PPNW fabric specimens first sputtered-coated with a thin layer of gold.
Diffuse reflectance infrared fourier transform (DRIFT) spectra of polypropylene samples were taken using diffuse reflectance accessory of FTIR spectrometer (Excalibur FTS 3000 MX, Digilab). The remission was measured to get absorption spectra.
Since chitosan is known to have a high adsorption capacity for acid dyes, the dyeing using a standard Acid Red 87 (Sigma Aldrich) was used to investigate the homogeneity of plasma activation and chitosan immobilization. The samples were immersed in 0.1 wt.% solution of Acid Red for 1 hour at room temperature to yield an ion complex between the amino groups and the acidic dye.
The antimicrobial activity test was done by Bacillus subtilis (G+) and Escherichia coli(G-) in static test. Cultures of bacteria growing on agar plates were exposed to the untreated PP sample and the chitosan coated sample. The inhibition effect was determined qualitatively by visual assessment of the bacteria growth on the agar plates.
Results and discussion
Commonly the chitosan is immobilized at polypropylene surfaces using a two stage method. In the first step, the hydrophobic polypropylene surface is functionalized mostly by grafting with carboxylic acids, preferably acrylic acids, and in the second step the chitosan molecules are coupled with carboxylic groups by forming amide covalent bonds at their interface [5, 6] . Liao [6] studied the dual properties of amino groups in chitosan for molecular immobilization and bio functional effects. They activated polypropylene nonwoven fabric by high density oxygen microwave plasma, followed by graft copolymerization with acrylic acid and then coupling with chitosan molecules. It was found that larger portion of minimum 85% amino groups in chitosan was coupled with the grafted pAAc by forming amide bond and smaller portion of them could be ionized by the acetic acid-buffered solution as polycations (NH 3 + ) likely exposed to the exterior of the immobilized chitosan. These polycations are effective in antibacterial properties. They interfere with permeability of the microbial membrane and therefore prevent bacteria from proliferation.
There is a limited amount of information in the literature that chitosan can be immobilized onto plasma activated polymer surfaces in a one step by exploiting either carbodiimide or glutaraldehyde chemistries [20] [21] [22] . The covalent bond between carboxylic groups of the activated surfaces and amino groups of chitosan can be formed. The mechanism with glutaraldehyde is based on the formation of imine bonds between aldehyde groups of glutaraldehyde and amino groups of chitosan and amino activate substrate [23] . In both cases carbodiimide and glutaraldehyde serves as crosslinking agent between activated polymer surface and chitosan coating.
The aim of our work was to immobilize chitosan at polypropylene fiber surface in one step, without previous chemical surface grafting, through chemical functionalities formed on the plasma treated surfaces, like amino groups, carboxyl groups or aldehyde groups. Based on our previous results on the nitrogen plasma activation of PP nonwoven [24] , a plasma activation energy of 330 W corresponding to plasma exposure times of 2×5 s was selected. These are lowest activation energy and shortest times sufficient for making the samples wettable by the chitosan water solutions immediately after the plasma activation. Even when the ambient air plasma activation was found to be less efficient, for comparison and a better understanding of the plasma activation mechanism, a limited set of the plasma activations was made also using ambient air as the plasma gas.
XPS Analysis
XPS was used to analyze the changes of chemical composition on the polypropylene surface after activation by DCSBD at atmospheric pressure. Table 1 shows the surface composition of PPNW after plasma treatment in air and in nitrogen.
In both cases the plasma treatment significantly increased the O/C ratio from 0.02 to about 0.1 which confirmed that functional groups containing oxygen were introduced on the PPNW surface. In addition, the incorporation of nitrogen atoms was observed. In the nitrogen plasma activated samples the surface concentration of nitrogen was about 3.8 at.%, i.e., roughly two times higher than in air. Note that the oxygen content was higher than the nitrogen content both after air and nitrogen plasma treatments. To understand the effect of the plasma treatment more precisely, the C1s peak was decomposed, which is shown in Fig. 2 .
In the air plasma treated samples three components can be seen (Fig. 2 bottom) : C1 at a binding energy (BE) of 285 eV representing hydrocarbon type C-H, C2 at 286.5 eV representing C-O type bonding, and C3 at 288 eV representing C=O and / or O-C-O type bonding. In the nitrogen plasma treated (Fig. 2 middle) sample the intensity of the shoulder of the high BE side is similar to that of the air-treated sample. The shoulder in this case is fitted by a single peak, which pertains to C=O and / or O-C-O type functionalities. Judging by the O1s peaks the built in oxygen in case of nitrogen plasma treatment is mainly in aliphatic C=O type bond (~ 532.2 eV), while in the case of air treated sample it is mainly in aliphatic C-O type bond (BE ~ 532.9 eV) as shown in Table 2 .
In PPNW after air plasma activation ( Table 2 ) the nitrogen was present in two main bonding modes: in an oxidised type one N2 (~ 407.4 eV, assigned to NO 2 and NO 3 like groups) and in a reduced type one N1 (~ 400.1 eV) which may be assigned to several functionalities like amino -C-NH 2 , imine -C=N-, or nitrile -CN groups.
In samples after nitrogen plasma activation only a single N1s peak could be detected at about 400.1 eV pertaining to the reduced type nitrogen (Fig. 3). Table 3 illustrates the amount of chitosan immobilized to the PPNW after the plasma activation in nitrogen atmosphere. About 4 wt.% to 10 wt.% of the chitosan was estimated to be coated onto PPNW using the weight difference before and after coating and washing. One major drawback of the chitosan used as an antimicrobial textile finish is its lack of strong bonding with textile fibers. The antimicrobial activity of chitosan-treated fabric decreases with repeated launderings. From that reason we tested chitosan adhesion to the plasma activated samples by washing in distilled water and by subsequent laundering at 40°C in five cycles at the presence of a detergent. As shown in Table 3 , in the first cycle of laundering about 13 wt.% of chitosan coating was removed. During next four washing cycles the amount of chitosan remained unchanged.
Chitosan immobilization

Analysis of chitosan coated PPNW by DRIFT spectroscopy
The DRIFT spectroscopy was used for identification of the chitosan layer. In Fig. 4 the spectrum of the PPNW coated with chitosan is compared to the spectrum of untreated polypropylene sample. The spectrum of chitosan coated PP NW (b) shows a broad absorption band between 3450 and 3100 cm -1 due to vibration of chitosan functional groups (-OH, -NH, and -NH 2 ) and absorption band between 1200 and 1100 cm -1 which represents C-O-C stretching vibration in glucosamine ring. Absorption bands at 1650 cm -1 and 1554 cm -1 indicate the amides I (C=O in O=C-NH) and amides II (-NH in O=C-NH), respectively. In pure chitosan amide I were determined at 1653 cm -1 and amide II at 1595 cm -1 [6] . The shifting of amide II (-NH in O=C-NH) toward right may be due to the formation of new amide bonds between amine groups of chitosan and carboxylic group on the plasma activated surfaces, which has been supported by the results of XPS analysis.
On the other hand, Tyan et al. [5] assigned the absorption peak appearing at 1550 cm -1 in the spectra of chitosan immobilized sample to a symmetric -NH 3 + deformation which confirmed the presence of NH 3 + in chitosan. Thus, it also can not be precluded that the chitosan immobilization occurred via ionic bonding. The plasma activation of polypropylene leads to incorporation of radicals and also various types of reactive groups to the surface. In plasma chemistry it is very difficult to explain the exact mechanism, as both covalent, radical and ionic reaction together can participate in modification of PPNW with chitosan. We suppose that reactions between reactive groups on polypropylene surface and chitosan groups are more probable. The type of reactive groups depends on the type of gas in which the plasma activation has been done. This was the reason, why we analysed PPNW activated in air and also in nitrogen plasmas. The results of XPS showed that PPNW activated in nitrogen contained about 8 atomic % of oxygen, mainly in C=O type bond ( -COOH, -CHO,-COO-) and 3.8 atomic % of nitrogen in -NH 2 and other nitrogen functionalities. PPNW activated in air plasma contained in comparison with nitrogen plasma oxygen groups mainly in C-O binding. Chitosan has both reactive amino and hydroxyl groups in his structure. It is supposed that amino groups of chitosan can be covalently bonded to the polypropylene surface both through aldehyde groups or carboxyl groups introduced to polypropylene surface after plasma activation. Aldehyde groups form covalent imine bonds and carboxy groups form amide bonds. From the point of view chitosan immobilization to the PPNW seems to be better to activate samples in nitrogen plasma, as more carboxyl and aldehyde groups are present at the surface of fibres after plasma activation. Reactions of hydroxyl groups of chitosan and secondary interaction as hydrogen bridges cannot be excluded.
SEM microstructure
The morphology of chitosan coated PPNW were studied using SEM. Fig. 5 shows the photo of non-modified PPNW and PPNW coated with chitosan using 1.6% chitosan solution. Here one can see in detail the chitosan layer coating the polypropylene fibre. Although chitosan has very good ability to create the films, it does not create the continuous film on the surface but covers the individual fibres. Only on some places one can see the thin film in space between the individual fibres (Fig. 6) . Figure 6 shows the cross sections of a nitrogen plasma activated sample coated with chitosan layer. As can be observed from SEM picture, because of an efficient and uniform plasma hydrophilization of PPNW, the chitosan solution penetrated into the polypropylene nonwoven fabric and covered homogeneously not only fibers at the surface, but the interior fibers as well. It is clearly seen that the chitosan layer was immobilized on the fibres surfaces. 
Figure 4:
The DRIFT spectra of a) polypropylene nonwoven, b) polypropylene nonwoven with chitosan layer. Fig. 7 shows in detail the chitosan coated PP fibres after 5 standard laundering cycles in water about 40°C. Since the chitosan coating is of reasonable washing resistance, and is not easily washed off, it is apparent that the plasma activation resulted in a tight bond between PP fibres surface and chitosan coating. Note that after five cycles of laundering the coating was separated from the fibres only by strong mechanical forces in the gaps between the fibres and the intersections of the fabric (Fig. 7) .
Homogeneity of plasma activation
The homogeneity of plasma activation and chitosan immobilization was analysed by surface dyeing of chitosan layer. Fig. 8 shows the results of the dyeing using a water solution of acid red. Untreated PP samples were not colored since hydrophobic fibre surfaces were not wetted by the dye solution. Even when the plasma-treated PP fibres were hydrophilic, the affinity of the fiber surface for acid red dye was low, resulting in a weak dye uptake and a weak pink colour of the samples. This contrasts with the strong red colour and uniform dye uptake of the chitosan coated PP fibres due to strong affinity of chitosan to acid red dye. The apparent high uniformity of the dyeing indicates the uniform chitosan immobilization.
Antimicrobial properties
In our work Escherichia coli (G-) and Bacillus subtilis (G+) were used to study the antimicrobial activity of PPNW coated with chitosan after nitrogen plasma activation. Fig. 9 illustrates the antimicrobial efficiency of the chitosan coating on PPNW fabric. The PPNW fabric was placed on an agar nutrition medium inocculated with Bacillus subtilis. After 24 hours the white area at the control sample surface represent colonies of bacteria which completely covered the sample. The dark zone around the chitosan coated sample represents the zone of inhibition where bacteria did not grow.
Similarly it was found that chitosan effectively inhibits the growth of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and Candida albigans in static test. The stability of modified chitosan layer was confirmed by antimicrobial effect of samples even after five cycles of washing [24] .
The inhibition effect of chitosan against Escherichia coli and Staphylococcus aureus was investigated also using cell number measurement. This method allows quantitatively compare the cell number of Escherichia coli (Fig. 10) and Staphylococcus aureus (Fig. 11 ) growing in the presence of polypropylene nonwoven coated with chitosan and without polypropylene sample.
Effectiveness of chitosan on antimicrobial activity depends on the strains of bacteria. Chitosan is most effective against Escherichia coli. Samples with PPNW coated with chitosan shows after 24 hours approximately 50% of reduction in cell number. Chitosan also shows about 30% reduction in cell number of Staphylococcus aureus.
It is known that the effectiveness of the antimicrobial structure of chitosan depends upon the thickness or amount of the coating, the molecular weight of chitosan and partly upon the hydrophobicity of the surface. As suggested by Dutkiewics [25] when coating a chitosan material onto the hydrophobic surface of a substrate such polypropylene, the hydrophobic surface of the polymer attracts the hydrophobic segments (-C-C-) and repels the hydrophilic segments -NH 2 of the chitosan. This resulted in a structure in which most of the hydrophilic segment -NH 2 , which are effective in antimicrobial activity are outwardly aligned at the surface of the structure. This is in line with Shin [26] who studied the molecular weight effect on antimicrobial activity of chitosan treated cotton fabrics. He found that chitosan with molecular weight 1800 is more than 10 times as effective when treated on polypropylene fabric than in cotton fabric in terms of antimicrobial activity. The reason is that chitosan oligomer penetrate better into the cotton fiber, resulting in less amino groups being available on the surface of the cotton fabric than the polypropylene fabric at the same treatment concentration.
To reduce the washability of the chitosan coating obviously one or more crosslinking agents are used to insolubilize or bind the chitosan to the substrate. Suitable crosslinking agents are generally soluble in the solvent used for dissolving the chitosan, however the crosslinking of chitosan may decrease the number of free amino groups which may decrease its antimicrobial activity. As a consequence, an apparent advantage of the present method is that no crosslinking agent was used for chitosan immobilisation, even though the amount of surface coated chitosan at polypropylene nonwoven was relatively high 2-5 g m -2 .
Conclusions
An innovative plasma source that generates the thin diffuse plasma layer of the order of 100 W cm -3 power density at atmospheric-pressure in air or nitrogen has been used to generate PP surfaces with chemically reactive groups that can subsequently be used for the covalent immobilization of chitosan. It was found that chitosan forms thin homogeneous layer with reasonable washing resistance on the nitrogen plasma activated PPNW fibres surfaces. Such surface modified PPNW exhibits antimicrobial effect against both Escherichia coli and Bacillus subtilis.
XPS analysis confirmed that the nitrogen plasma treatment resulted in relatively high oxygen incorporation mainly in aliphatic C=O or O-C-O type bonds, and nitrogen incorporation mainly in amino groups. The DRIFT spectroscopy revealed the presence of amide structures O=C-NH in chitosan coated polypropylene nonwoven. Based on the results obtained it is reasonable to assume that chitosan was immobilized at the PP surface through formation of interfacial amide bond between amine groups of chitosan and surface carboxy groups at the PPNW fibres. However, the apparent presence of other functionalities on the plasma treated PP surface like aldehydes, ketones, and amine groups, allows speculation about an alternative reaction scheme in which aldehyde or amine surface groups can react with amine groups or hydroxy groups of chitosan. Consequently, further experimental investigations are necessary in order to determine which of the above mentioned mechanisms is the observed effective chitosan immobilization. 
